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Abstract
Introduction: Intervertebral disc (IVD) herniation is characterized by an expulsion of nucleus
pulposus (NP) material through the annulus fibrosus (AF). The AF contains two major adhesive
structures, the intralamellar matrix and the interlamellar matrix, which act to maintain the strength
of the AF and prevent NP material migration. As a herniation occurs, clefts form within the
intralamellar matrix, pushing the NP between adjacent collagen fibers; meanwhile delamination
of the interlamellar matrix causes the NP to pool between layers of the AF. Further, herniation
more readily occurs in a combined loading scenario of both compression and flexion. Flexion, and
in particular end range flexion, induces tissue creep, where the elongation of fibres within the AF
reduces its capacity for tensile resistance, thereby providing a potential mechanism for why flexion
is needed to induce herniation. While previous research has examined the effect of combined
flexion and compression on the mechanical properties of the AF, the isolated effect of flexion has
not been ascertained.
Aims: The purpose of the current work is to observe the effect of static flexion, in combination
with compression, on the intralamellar and interlamellar adhesive properties of the AF.
Methodology: For this study, the C3/C4 cervical functional spinal units (FSU) of porcine
specimens were selected due to their anatomical and biomechanical similarity to human spines.
All specimens were loaded under 1200N axial compression and one of the following posture
conditions: neutral or static end range flexion for 2-hours. Following loading, six AF samples were
dissected from each IVD: four single layer samples and two multilayer samples. The multi-layer
samples underwent peel tests to determine the mechanical properties of the interlamellar matrix
while the single layer samples underwent tensile tests to determine the mechanical properties of
the intralamellar matrix. Comparisons between mechanical properties were performed to

iii
determine if there was a difference between extraction location (anterior vs posterior), extraction
depth (inner vs outer AF) and postural condition. Mechanical properties obtained from these tests
were statistically compared across conditions.
Results: The results demonstrated that flexion had an influence on the mechanical properties of
the adhesive matrices of the AF. Regarding the interlamellar matrix, flexion elicited a significant
decrease in lamellar adhesive strength when compared to a neutral posture. In consideration to the
intralamellar matrix, flexion elicited a decrease in failure point strain when compared to neutral.
Furthermore, flexion resulted in a significant increase in stiffness of the inner region of the AF
compared to the outer region of the AF in flexion and the inner region of the AF in a neutral
posture. Flexion also resulted in a significant decrease in toe region strain for the inner region of
the AF when compared to the inner region of the AF in a neutral posture. The inner region of the
AF was also seen to have a significant increase in stress at 30% strain when compared to the outer
region of the AF when undergoing flexion.
Discussion/Conclusion: The current findings suggest that the mechanical properties of the
interlamellar and intralamellar matrices are sensitive to flexion, creating an environment that
promotes an increased potential for herniations to occur.
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Introduction
The spine is a highly complex anatomical structure, capable of a wide range of motions.
Spinal range of motion is facilitated by intervertebral discs (IVD), passive tissue that spans the
space between vertebrae. Currently, low back disease (LBD) is the leading cause of disability in
the world, resulting in a healthcare cost within Canada of $60 billion and an increase in disability
adjusted life years (1,2). A common cause of LBD is an IVD herniation, which is characterized
by an expulsion of nucleus pulposus (NP) material through the annulus fibrosus (AF). This can
result in the compression of spinal nerve roots, leading to nociceptor activation and pain within an
individual. A herniation can also lead to alterations in loading of surrounding tissues, which can
further propagate degeneration and pain within an affected individual (3). The anatomical
complexity of the spinal system, paired with the prevalence of LBD in Canada has fuelled spinal
research and the current thesis work (1).

To prevent the migration of NP material, the AF contains two major adhesive structures,
the intralamellar matrix and the interlamellar matrix. As a herniation occurs, clefts form within the
intralamellar matrix, pushing the NP between adjacent collagen fibers; meanwhile delamination
of the interlamellar matrix causes the NP to pool between layers of the AF (4). A herniation in an
IVD has been shown to occur more readily in a combined loading scenario of both compression
and flexion (5). When observing the degree of flexion required for a herniation, previous research
has indicated that there is an increased rate of failure of the AF at higher degrees of flexion (6).
Furthermore, it has been noted that flexion and compression can lead to disruptions in the
microstructure of the AF, although this finding is limited to histological observation rather than
mechanical testing (7). The importance of flexion in regard to herniation may be associated with
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tissue creep. At end range flexion, tissue creep can occur, where the elongation of fibres within
the AF reduce the capacity for tensile resistance (3,4), thereby providing a potential mechanism as
to why flexion is needed to induce herniation. While previous research has examined the effect of
combined flexion and compression on the mechanical properties of the AF (5), the isolated effect
of flexion on the adhesive matrices of the interlamellar matrix have not been ascertained.
Therefore, the purpose of the current work is to observe the effect of static flexion, in combination
with sub-failure compression, on the intralamellar and interlamellar adhesive properties of the AF.
It is hypothesized that flexion will lead to a decreased strength and stiffness of the matrices when
compared to a neutral posture. Additionally, it was hypothesized that flexion would lead to
decreased strength and stiffness in the posterior extraction location when compared to the anterior
extraction location; and similarly, would lead to a decreased strength and stiffness in the interior
portion of the annulus when compared to the outer portion.
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Review of Current Literature
The Intervertebral Disc
The vertebral column is an anatomically complex structure within the body, composed of
33 vertebrae which are interspaced by IVDs. The vertebrae provide structure to the column as well
as a place for muscle attachments and protection for the spinal column. The IVDs facilitate the
movement of the column, as well as providing a capacity to handle loading, allowing for
movements such as gait to occur. In order to facilitate movement and handle loading, the IVD is
composed of two structures: a viscoelastic NP, and a collagenous AF. The NP is the center of the
IVD, composed mainly of type II collagen, water, and proteoglycans (9). Bulging of the NP can
occur during loading when the hydrostatic pressure within the NP increases, resulting in a radial
expansion and application of tensile stress to the surrounding AF. The AF is composed of 15-25
concentric lamella of collagen fibres which provide a tensile capacity in response to bulging and
the radial expansion of the viscoelastic NP during loading (10–13). The concentric lamellae are
composed of highly organized collagen fibres, in which collagen fibres within a single lamella lie
parallel to one another and obliquely orientated at angles of 28º and 45º to the transverse plane of
the spine (14,15). In addition, the orientation of adjacent lamella is nearly perpendicular to each
other, creating an environment that allows the AF to resist loading in multiple directions. The
tissue composition of the lamella has varying percentages of type I and type II collagen based on
the location; with a greater percentage of highly organized type 1 collagen fibres in the outer
lamella for resistance to tensile forces and less organized type 2 collagen fibres in the inner
lamellae for resistance to compressive forces (16–18). In order to provide strength to the tensile
capacity of the collagen to contain the NP material, the AF contains two microstructures: the
interlamellar and intralamellar matrices.
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The Microstructures of the Annulus Fibrosus
The interlamellar matrix refers to the extracellular matrix that holds adjacent concentric
lamella together. The adhesive properties of the interlamellar matrix allow for it to prevent
delamination between the lamellae, limiting the capacity for NP material to migrate and reduce the
tensile capacity of the AF. Delamination occurs when the lamellae of the AF separate, resulting in
pockets forming where expelled NP material can pool (4). The interlamellar matrix is composed
of a non-fibrillar matrix, elastic fibres and cells, with collagen cross-bridges traversing radially
through the interlamellar matrix and the AF lamellae (19). The non-fibrillar matrix refers to an
amorphous proteoglycan-rich gel, which mainly consists of water, proteoglycans, lipids, and
elastic fibres (19). The mechanical properties of the interlamellar matrix, similar to other biological
tissues, can be described as viscoelastic (20). Viscoelasticity refers to a spectrum of both viscous
and elastic behaviours, as the viscous characteristics provide a strain rate dependent nature while
the overall combination of viscous and elastic behaviours allow tissues to recover from
deformation (21). Viscoelastic properties of the interlamellar matrix have been previously
demonstrated through an increase in elastic modulus and energy absorption, which have both been
noted to have significant increases as rate of delamination increases (20). Additionally, the
stiffness of the elastic fibre network within this matrix has been shown to be influenced by rate
(22). Stiffness refers to the resistance of an object to deformation, and research has indicated that
the elastic fibres within the interlamellar matrix demonstrate significant increased stiffness with
increased loading rates (22). Previous work by Tavakoli et al. (2018) demonstrated that there was
significantly lower stress at an equivalent strain value when mechanically tested at a slower rate
when compared to a faster rate (22). This work highlights the viscoelastic nature of the
interlamellar matrix, which could be a contributing factor to a potential mechanism of failure when
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combined with tissue creep (22). In addition, previous work by Briar et al. (in review) has further
expanded on the viscoelastic nature of the interlamellar matrix and noted that at higher strain rates,
the viscoelastic tissues of the interlamellar matrix results in an increase in non-uniform failure; a
potential mechanism that may contribute to pockets of delamination occurring at increasing rates
of matrix failure (23).

The intralamellar matrix refers to the extracellular matrix that exists between individual
collagen fibres within a single lamella. Collagen fibres can provide a high tensile capacity to the
viscoelastic expansion of the NP under loading (24,25). However, as the NP material expands
under loading, pressure is applied to the collagen fibres and the NP can breach the lamellae by
passing between the collagen fibres (4,26). In order to prevent NP material from passing between
collagen fibres within the lamella, the intralamellar matrix provides adhesive strength to hold
adjacent collagen fibres together, (26).

Animal Models as an Alternative to Human Tissue
For the current study, an in vitro technique was performed to better understand how
complex loading patterns affect the IVD. In vitro allows for researchers to isolate the effects of the
loading on a single IVD, without the confounding influence of musculature or surrounding IVDs
which are present within an in vivo model. Furthermore, animal models are frequently utilized for
spinal biomechanics research, as the results may be extrapolated to human IVDs (27,28). Animal
models of spine biomechanics provide for a greater degree of control on confounding variables, as
the specimens all come from the same source and of the same age; limiting environmental and
age-related factors that can add an increased degree of variability to observing cadaveric human
tissue. The porcine model is an example of an animal model that has been previously validated to
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have anatomical and biomechanical similarities to human IVDs (29,30). The hydration levels
present within the NP of the porcine IVDs are similar to those present within an adolescent human
IVD, providing researchers with the possibility to explore herniation mechanics without the
influence of AF and NP fibrosis (29). In addition, the high hydration levels of the porcine NP can
allow for herniations to readily occur, which is essential when trying to understand how flexion
and complex loading patterns can influence the strength of the adhesive matrices of the AF.

Herniations
LBD is one of the leading causes of disability-adjusted life years for all age groups (1).
LBD affects around half a billion people world-wide, with a higher prevalence in developed or
industrialized nations (31,32). Although the pathophysiology for LBD is not fully understood, one
of the common causes is an IVD herniation.

A herniation is characterized as the expulsion of NP material from the centre of the IVD.
This occurs as the tensile capacity of the AF fails, providing a pathway for NP material to disperse.
In a healthy IVD, the AF is composed of concentric lamella which provide a radial tensile capacity
to handle the expansion of the viscoelastic NP (10,11). In order to provide this radial tensile
capacity, the AF contains two microstructures, the interlamellar and intralamellar matrices, which
assist in providing strength to the collagen fibres of the concentric lamella. As these
microstructures fail, the NP material begins to migrate radially, propagating a herniation. A failure
of the intralamellar matrix allows for clefs to form within the lamella, which provide doorways for
the NP material to migrate past the lamellae of the AF (26). As the interlamellar matrix fails,
delamination occurs between the concentric lamellae, which provides the possibility for NP
material to pool between adjacent lamellae (Figure 1) (4). As delamination occurs, the strength of
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the AF is altered, resulting in a further reduction in the capacity to resist the radial expansion of
the NP (33).

Nucleus
Pulposus

Annulus
Fibrosus

Figure 1: Schematic representation of a transverse view of intervertebral disc herniation. The inner
nucleus pulposus material has begun to migrate outwards from the centre of the intervertebral disc.
The red box highlights a section of the annulus fibrosus where delamination is occurring due to
the migration of nucleus pulposus material.

The major theory surrounding the failure of an IVD involves the use of a fatigue failure
mechanism (34). The capacity of a tissue determines the loads that can be withstood, as loads
above the capacity will result in immediate failure while loads below the capacity can be sustained.
However, regardless of the load, fatigue is induced as repetitive loading occurs, resulting in
damage over time. This damage caused by repetitive loading can result in a reduction in the
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capacity of the tissue; as individuals who perform repetitive lifting and/or bending tasks with
limited recovery have a higher rate of IVD failure (33,35). If fatigue is not addressed with recovery,
the capacity or tolerance of the tissue will decrease, resulting in a lower sub-failure load exceeding
the capacity of the tissue and resulting in failure (36,37). The majority of recovery for biological
tissue occurs through the delivery of nutrients from vascular blood flow, which provides essential
nutrients and signals for remodelling to occur (38). The IVD, however, has a low metabolic rate
due to little vasculature, which results in longer remodelling times (39,40). Delayed recovery time
can cause an increased possibility of overload and failure to occur, as the fatigue induced through
movement is not able to be addressed in a timely manner (40). Therefore, as the spine is continually
loaded, it is possible for fatigue to be introduced to the matrices of the AF, increasing the
possibility for overload to occur and a herniation of the NP to result (36,37). Fatigue can increase
the compliance of the matrices as well, which can be seen in older IVDs, which can indicate a
lower capacity and a higher risk of failure (41).

Effects of a Herniation
Due to the nature of human movement, the posterior section of the IVD tends to be the
location in which a majority of herniations occur (42,43). Spinal movement is mainly focused
within the sagittal plane, and therefore herniation is facilitated by the structural anatomy of the
vertebrae and spinal column. As NP material is expelled from the posterior portion of the IVD, it
can lead to a compression of the spinal nerve roots (44) (Figure 2). Spinal nerve roots carry afferent
and efferent neurons between supraspinal structures and the body, and compression due to
herniation can induce a sensation of pain within the affected dermatomes (44). Nerve root
compression leads to nociceptor activation and results in pain for the individual among the affected
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areas (45). A common example of spinal nerve root compression related pain is sciatica, where
~90% of cases have an etiology of IVD herniation (46).

Figure 2: An axial view of a healthy disc (left) compared to a herniated disc (right) that is resulting
in a compressed spinal nerve root. Illustration copyright 2004 by Nucleus Communications, Inc.
Used with permission. http://www.nucleusinc.com

Following IVD herniation there is a marked inflammatory cascade that alters the
surrounding tissues (47). However, inflammation is not the only negative side effect of IVD
herniation, there is also increased mechanical stress and strain on surrounding tissues (3,48). This
increased stress occurs as the herniated IVD has a reduced capacity to handle load, as the AF is no
longer able to resist the radial stress caused by the expansion of the NP (33). This can lead to
degradation of surrounding tissues, such as musculature, passive tissues (bones, ligaments), or
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other IVDs, as the increased mechanical stress can exceed the capacities of these tissues. These
alterations can further propagate pain and disability, as a larger amount of tissue is affected.

The hydration of the NP allows for viscoelastic radial expansion under an applied load;
providing this passive structure the ability to tolerate loading, such as during gait. However, as
loading occurs, water is expelled from the NP, which can cause a state of dehydration and a loss
of IVD height (49). As the compressive loads exceed the interstitial osmotic pressure of the tissues,
it results in water extrusion through the IVD wall and a decrease in IVD height (50). Diurnal
changes occur naturally; IVD height decreases throughout the day and increases overnight as the
spine is unloaded and rehydrated (49). As the body is supine overnight, the IVDs are able to
decompress, allowing for osmotic pressure to overtake compressive loads; thus allowing for water
to re-enter the NP and causing a return to normal height (50). A similar reabsorption effect has
also been observed following heavy loading, as the decrease in compressive forces can allow for
the interstitial osmotic pressure to cause some fluid to re-enter the NP and recover some IVD
height (49).

Dehydration can be detrimental to the AF, as this structure is organized to provide a radial
tensile capacity and not a compressive capacity. As height is decreased, there is added compression
stress on the AF, leading to disruptions in the microstructure and buckling of the concentric
lamellae (7,49,51). Buckling can decrease the strength of the tissue, by disrupting the organization
of the lamellae, increasing the possibility of a herniation occurring (7,33). It has been demonstrated
in that literature that disruption of microstructure can occur at low-dose cycling rates of flexion,
and may be indicative of a pathway to future or further damage that can occur as cycling continues
(7). Evidently, the effects of a herniation can have an influence not only at the level of the IVD.
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Spinal Flexion
Spinal flexion refers to the forward bending of the spinal column through the sagittal plane.
Spinal flexion is not uniform between every vertebral level throughout the spine, as the natural
kyphosis and lordosis of the spine can influence the range of movement (52). Additionally, the
structural anatomy of each vertebrae can influence the range of motion that is present, for example,
the range of motion of thoracic vertebrae is limited by the facet joints of the ribs (52). Kinematic
research has also indicated that the range of motion of different vertebral levels and spine regions
can be influenced by external factors, such as head and gaze orientation (53). It is believed that
this is due to the mechanical degrees of freedom present in the spine, allowing for a wide range of
possible movements to occur (54). The variability of possible movement patterns is necessary to
allow for the adaptation of a movement to a dynamic environment (55). However, the possible
degrees of freedom for a movement are constrained for a desired action, as certain movement
patterns are inefficient and may result in changes to tissue loading or posture (56). It must be noted
that changes in variability in movement, such as increases or decreases in degrees of freedom, and
continual overuse of the same movement patterns can accentuate the rate of failure and possible
injury (57–60). This phenomenon has been observed in office workers who display a higher
prevalence of LBD and other musculoskeletal disorders due to an originally limited range of
motion and the possibility of body orientation or positions that could limit the available degrees of
freedom, further increasing the rate of injury appearance (61)

While flexion at the spinal level can be used to maintain center of mass position, at the
intervertebral level, flexion can induce a concept called tissue creep. As previously stated, many
biological tissues, such as the IVD, exhibit viscoelastic properties (20–22,62). A property of
viscoelastic tissues is tissue creep, which refers to the continual deformation under a constant load
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over time due to the viscous component of these tissues (21). Within the AF specifically, persistent
deformation due to creep can result in the continual elongation of the collagen fibres within the
lamellae and may lead to strain within the microstructure matrices (8,63). This can result in the
structures operating closer to the elastic-plastic yield point, a point where deformation changes
from elastic (reversible) to plastic (permanent) (42,43). As the structures operate closer to the yield
point, there is a reduced strength and capacity of the structures, as smaller loads can overload the
tissue and cause plastic deformation. This relationship is similar to the fatigue failure mechanism
of an IVD herniation and may be a possible contributing pathophysiology of LBD. Within the AF,
fatigue can reduce the tensile capacity of the lamellae, which can increase the possibility for
delamination or clef formation (6,26,37). As larger degrees of flexion are experienced, the strength
capacity of the structures are reduced at a greater rate, with end range flexion creating the greatest
strain (42,43). Specifically, end range flexion has been shown to cause an increase in strain on the
posterior layers of the AF (42,43). Therefore, pushing the tissues’ capacity closer to the elasticplastic yield point can increase the occurrence of failures.

Figure 3 demonstrates previous research observing the number of cycles to failure at
different torso angles, indicating that at higher angles, there is a decreased number of cycles
necessary for failure (6). Gallagher et al in 2005 found that human lumbar motion segments
undergoing a cyclic 9kg lifting task at 0° lasted 8253 cycles prior to failure, while motion segments
loaded at 45° lasted 263 cycles (6). This is also supported by microstructure analysis of the AF,
which indicates that although disruptions can occur at low rates of flexion, higher rates of flexion
can induce a higher degree of damage (7). Schollum et al in 2018 observed lamellar disruptions
following 5000 cycles of loading at 2950N in ovine segments and noted greater lamellar
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disruptions following 10000 cycles and 30000 cycles at the same load (7). Figure 4 demonstrates
the disruptions in microstructure which are observed at low rates (5000 cycles) of flexion loading.
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Figure 3: Cycles to intervertebral disc failure by torso flexion angle associated with a cyclic lifting
task of 9kg (6). On average, motion segments loaded at 0° lasted 8253 cycles, segments at 22.5°
lasted 3257 cycles, and segments at 45° lasted 263 cycles. Used with permission.

Figure 4: A disruption of the microstructure of the annulus fibrosus following 5000 cycles of
flexion loading in the posterior oblique section of the intervertebral disc. The black arrows indicate
radial bridging elements, and the white arrows indicate points of delamination occurring. The
white dotted line indicates a distortion of the concentric lamellae (7). Used with permission.
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Complex loading
IVD herniations do not simply occur due to a single mechanism, but rather are the product
of complex loading patterns that lead to an overload of the IVD’s capacity. Complex loading
involves a combination of axial compression and a change in position, either lateral bending,
rotation, flexion, or extension. Complex loading accelerates rates of failure, characterized by a
faster fatigue of the IVD, mechanically causing a decreased elastic region and an increased plastic
region of the structure. Therefore, as an additional factor (i.e., change in position) besides
compression is experienced, this can lead to decreased mechanical strength of the tissue and thus
a faster rate of herniation (64). Balkovec and McGill in 2012 observed 30 C3-C4 porcine functional
spinal units that underwent 1500N of axial compression combined with 10000 cycles of either
pure flexion or flexion and extension; indicating a significantly higher amount of damage within
the AF when more additional factors combined with compression are present (64). Studies have
shown that cyclic loading, in combination with flexion to create complex loading patterns, can
cause disruptions in the interlamellar matrix (shown by points of delamination) but also within the
structure of the lamella themselves (as the lamellae begin to lose their shape) (7) (Figure 4).
Histological observations have provided information about the effects of complex loading on the
AF; however, there is a limited observation of the effect of complex loading on the adhesive
properties of the AF that can lead to histological differences.

Complex loading patterns cause an increased probability of a herniation through a greater
cumulative load. Flexion is able to strain the tissue of the AF closer to the plastic-elastic yield
point, which can predispose the tissue to herniation (42,43). Similarly, compression naturally
increases the intradiscal pressure, through hydrostatic expansion of the viscoelastic NP and
subsequent increase in radial tension on the AF (65). Increased intradiscal pressure can be

16
emphasized as fluid is squeezed from the IVD under chronic loading patterns, resulting in a
decrease in disc height (66). The increased pressure can accentuate the hydrostatic expansion of
the NP as well as induce tissue creep on the AF, resulting in a decreased capacity of the AF and
the tissue operating closer to the plastic-elastic yield point (66). The strain on the AF is further
exacerbated when combined with flexion, which can accentuate the fatigue experienced by this
tissue and lead to a faster rate of herniation (67). Larger degrees of flexion have shown to increase
the strain on the posterior AF to higher magnitudes, resulting in the tissue operating closer to the
elastic-plastic point (6,42,43,67). This effect has been observed in previous work which applied
hyperflexion to IVDs, in which 33 human lumbar spine units were flexed beyond natural limits
(10° for the L3-L4 intervertebral joint) while being compressed at 8000N (69). The hyperflexion
resulted in an increased rate of herniation as annular tissue was strained beyond its capacity lending
to an environment where the hydrostatic NP was able to piece through the weakened stretched
lamella of the AF (67). This effect was seen in degenerated discs as well (grades 1 and 2), where
the NP was able to maintain its hydrostatic properties, but was not seen in severely degenerated
discs (grade 4), where the NP had lost its hydrostatic properties (67). Therefore, it is observable
that flexion alone will not induce a herniation but can contribute to a potentially hazardous
environment where the posterior AF is operating closer to the elastic-plastic point and increasing
the risk for a herniation to occur when combined with flexion.

Additionally, flexion can induce axial strain on the posterior portion of the AF, thus, when
combined with the radial expansion of the NP can result in biaxial strain occurring (68).
Observation through the lamination theory has concluded that delamination in the annulus is a
result of interlaminar shear stresses and may be resultant of the biaxial strain overload (68). The
combination of the increase in intradiscal pressure (due to compression) and axial strain (due to
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flexion) results in a higher cumulative load, which may affect the adhesive properties of the
matrices and cause an increased rate of herniation. Therefore, the greater the cumulative load,
through the combination of complex loading patterns, the greater the fatigue that the tissue
experiences, resulting in a reduced capacity of the tissue. The resulting decreased capacity can
further allow the propagation of failure within the adhesive matrices, allowing for continual
progression of microstructure failure. In addition, the AF has been documented to be continually
under residual stress without any external loads, and the release of this residual tension through
injury or microstructure failure can alter the stress distribution; this can result in the potential
environment that accelerates damage accumulation and degeneration therefore increasing the risk
a herniation (69). Ultimately, the series of events described leads to an exaggeration of the
microtrauma that is experienced by the interlamellar matrix and the overall damage on the AF.
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Purpose
The purpose of the current work was to observe the effect of static flexion, in combination with
compression, on the intralamellar and interlamellar adhesive properties of the AF. In addition, this
work aimed to exam the effect of sample location (anterior versus posterior) and depth (inner
versus outer) of extraction on the mechanical properties of the AF.

Hypotheses
It was hypothesized that flexion would lead to decreased strength and stiffness of both the
intralamellar and interlamellar matrices when compared to a neutral posture. Furthermore, it was
hypothesized that flexion would lead to decreased strength and stiffness in the posterior extraction
location when compared to the anterior extraction location; and similarly, would lead to a
decreased strength and stiffness in the interior portion of the annulus when compared to the outer
portion.
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Methodology:
Specimens
Porcine cervical spines were selected due to the anatomical and biomechanical similarity
to humans (29,30). Specifically, The C3/C4 functional spinal unit (FSU; two adjacent vertebra
and the intervening IVD) was used as it has the most natural neutral spine angle within the cervical
spine. A total sample size of 26 FSUs (13 per posture condition) were used for this study based on
previous works (5,70). The spines were obtained from a common source, which allowed for control
over variables such as physical activity levels, diet, and age (approximately 18 months). Spines
were stored in a freezer at -20°C and before testing were thawed at room temperature overnight.
Prior to loading, the FSUs were dissected down to the osteoligamentous structures. The change in
IVD height of each specimen was determined from the difference of the full FSU height before
and after loading using the displacement data from the uniaxial materials testing system.

Loading Protocol
This work involved the use of an accelerated injury model for observation of the effect of
loading on the microstructure matrices of the AF. This type of model was selected as the long
remodeling timeline for collagen fibers, the largest component of the IVD and the matrices,
indicates that healing and tissue remodeling would not have a large effect on acute injury
progression.

Prior to being randomly assigned to the experimental conditions, each specimen underwent
a preload of 300N of axial compression for 15 minutes to counter any possible post-mortem
swelling in a neutral posture (4,5,70). Following preloading, specimens were loaded under 1200N
of axial compression. The loading protocol occurred within a custom jig that allowed for flexion,
through rotation of the upper cup placement, mounted within a uniaxial material testing system
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(Model 43, MTS, Eden Prairie, MN). To minimize any perturbations that would occur during
loading and ensure that a pure rotation moment was maintained throughout the protocol, the FSUs
were secured to the custom jig via 18-gauge galvanized steel wiring. FSUs were sprayed with
phosphate buffered saline and wrapped in plastic wrap to minimize dehydration during the loading
protocol. The 26 samples were randomly assigned to undergo the loading protocol in one of two
postures: a neutral posture or static end range flexion position (5,71). The neutral posture was
defined as 0º of flexion relative to the global coordinate system. End range of motion was
established according to Gregory & Callahan (2011) who demonstrated that end range of flexion
of porcine spines occurs at the end of the neutral zone of the torque angular position graph. The
end of the neutral zone tends to occur, on average, at 15º flexion (4), and therefore the same flexion
angle was used in the current study. Loading profiles were administered for 2-hours to ensure that
sub-failure mechanics were maintained. Figure 5 demonstrates the two posture conditions that
were applied. The 1200N compressive load was selected as it represents the compressive load
during a moderate lifting task, based on NIOSH guidelines (3400N), scaled down to the crosssectional area of the C3 porcine vertebral endplate.
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Figure 5: (A) a specimen mounted into the 15º flexed posture condition in the uniaxial material
testing system. (B) a specimen mounted into the neutral posture condition in the uniaxial
material testing system.

Matrix Testing
Following the 2-hour loading protocol, six samples were extracted from the AF: two multilayered samples, one from the anterior portion and one the posterior portion; and four single-layer
circumferential samples, one from each of the inner and outer layers at both the anterior and
posterior portions (72) (Fig 6).
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Figure 6: Annular samples extracted from an intervertebral disc following loading protocol. (A)
represents a multilayer sample; (B) represents an outer single layer sample; (C) represents an
inner single layer sample. A total of six samples were extracted from each intervertebral disc
with three anterior samples and three posterior samples; this figure demonstrates the extracted
anterior samples.

Sample thickness for both the multi-layer samples and single layer samples were measured
using a laser displacement sensor (IL-065, Keyence, Mississauga, ON). to determine the bond
width and single layer sample thickness, respectively. The multi-layered samples underwent a 180°
peel test to determine the adhesive properties of the interlamellar matrix (Figure 7). The multilayer samples were mounted via spring clamps in the UStretch system (CellScale, Waterloo, ON)
and were subjected to 180° peel test at 0.5mm/sec displacement for a standard peel length of
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20mm. Force (45N load cell limit) and displacement data were sampled at 30Hz. Second, single
layer samples underwent a tensile test to determine the adhesive properties of the intralamellar
matrix based on region of extraction and comparing inner vs outer AF properties (Figure 8). The
single layer samples were mounted in the BioTester 5000 system (CellScale, Waterloo, ON) using
five-prong tungsten rakes (inter-tine spacing of 0.7mm). Samples were mounted perpendicular to
fibre orientation (Figure 8:C) to isolate the adhesive mechanical properties of the intralamellar
matrix. Samples were stretched until taught, following which a 300% strain failure test was
performed at 1% of resting length per second. Force (2.5N load cell limit) and displacement data
were sampled at 30Hz.

ImageJ software (National Institutes of Health, Bethesda, MD) was used to determine the
longitudinal width of single layer samples, allowing for cross-sectional area to be calculated when
multiplied by sample thickness. Bond width refers to the superior-inferior thickness of the multilayer specimens. These values were used to normalize collected forces from the peel and tensile
tests.
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Figure 7: (A) Specimen mounted in UStretch system prior to 180° peel test. (B) An illustration
of the annular tabs created in specimens with stars indicating where height measurements were
taken (73). (C) An image of a specimen undergoing a 180° peel test to highlight that the collagen
fibres are perpendicular to the direction of tensile load to isolate the interlamellar matrix.
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Figure 8: (A) A single-layer sample mounted on tungsten rakes to perform a tensile test. (B) An
illustration highlighting the extraction sites for the single layer samples of the annulus fibrosus to
perform a tensile test. (C) An illustration demonstrating the direction of applied strain relative to
fibres orientation during a tensile test.
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Data Analysis and Outcome Measures
In order to evaluate the effect of combined compression and flexion on the AF, the adhesive
properties of the matrices within the AF were evaluated. Regarding the interlamellar matrix, the
bond-width normalized force (termed peel strength) displacement graphs were procured. The slope
of the linear portion of the graph was used to determine interlamellar stiffness, using a standardized
R2 value of 0.98 to determine linearity. The plateau region was used to determine the lamellar
adhesion strength and lamellar adhesion strength variability of the sample. The plateau region was
calculated through the observation from the first point of inflection to absolute failure. This
allowed for an evaluation of the strength of the interlamellar matrix and any effect of the flexion
loading protocol on this matrix. Lamellar adhesion strength was determined by finding the average
peel strength across the plateau region while the lamellar adhesion strength variability was
determined by calculating the standard deviation of the peel strength for the observed plateau
region. Figure 9 demonstrates a representative peel strength-displacement graph to illustrate the
potential output graphs of the peel tests.

In consideration to the intralamellar matrix, the stress-strain curves for each sample were
calculated from the force-displacement data collected during a failure test and normalized to crosssectional area (74). Strain was determined as the change in length from the starting length after the
specimens were mounted into the Biotester 5000 system. The end point of the initial non-linear
section was used to determine the toe region strain and stiffness values. The slope of the linear
portion of the graph was used to determine intralamellar stiffness, using a standardized R2 value
of 0.98 to determine linearity. The first point of inflection following this linear region was used to
determine the first failure event stress and strain values. In addition, the stress values at 30% and
50% strain were collected to determine how the properties of this matrix are affected at
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standardized collection values. A representative stress-strain curve for a tensile test can be seen on
Figure 10.
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Figure 9: A representative lamellar adhesion strength-displacement curve. Mean lamellar
adhesion strength is represented by the dotted line. One standard deviation of lamellar adhesion
strength is represented by the shaded area above and below the line of the mean. Interlamellar
stiffness is indicated as the slope of the linear region of the graph.
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Figure 10: A representative stress-strain curve of a single layer tensile test. Variables of interest
are: (A) stress at the end of the toe region, (B) strain at the end of the toe region, (C) stiffness
(slope of linear region), (D) first failure event stress, (E) first failure event strain, (F) stress at
30% strain, and (G) stress at 50% strain (75).

Statistical Analysis
All statistical analyses were completed using SPSS software (IBM Corp., North Castle.
NY). Data were assessed for normality, sphericity, and homogeneity of variances. Where
appropriate, the Greenhouse-Geisser correction was applied for any violations of sphericity. To
determine any difference in interlamellar matrix properties, a mixed design two-way ANOVA was
performed to compare adhesive properties of the anterior vs posterior multi-layer samples across
the two postural conditions. Regarding the intralamellar matrix, a mixed design three-way
ANOVA was performed to compare adhesive properties of the matrix over three independent
variables; depth of extraction (inner vs outer position), posture condition (flexed vs neutral), and
location (anterior vs posterior); as well as the respective interaction effects. Mixed design
ANOVAs were performed as each sample was independently tested from one another, however,
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as multiple samples were extracted from the same FSU, the samples were not truly independent.
Statistical significance was set at p <0.05 and post-hoc multiple pairwise comparisons using a
Harmonic Mean P-Value correction were conducted to further analyze significant effects (76).
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Results
Single Layer Cross-Sectional Area and Multi-Layer Bond Width
Table 1 displays the average cross-sectional area for the single layer samples while Table
2 displays the average bond width for the multi-layer samples. A significance difference was
observed between the average cross-sectional area of single layer samples between flexion and
neutral posture conditions (F=10.987, p=.001), as well as between inner and outer extraction
depth conditions (F=5.042, p=.027). Similarly, a significant difference between anterior and
posterior extraction location for bond width was observed (F=74.386, p<.001). These results
were collected following the loading protocol and highlight the importance of normalization for
comparison.

Table 1: Average cross-sectional area of the single layer samples used to normalize the
mechanical properties of the intralamellar matrix.
Posture
Condition
Flexion

Extraction
Location
Anterior

Extraction Depth

Cross sectional area (mm2)

Inner
Outer
Posterior
Inner
Outer
Neutral
Anterior
Inner
Outer
Posterior
Inner
Outer
Note: Values represent mean ± standard deviation.

1.56
1.42
1.28
1.02
0.92
0.55
0.94
0.71

±0.88
±0.83
±0.76
±1.08
±0.44
±0.43
±0.78
±0.30

Table 2: Average bond width of the multi-layer samples used to normalize the mechanical
properties of the interlamellar matrix.
Posture Condition
Flexion

Extraction Location
Anterior
Posterior
Neutral
Anterior
Posterior
Note: Values represent mean ± standard deviation.

Bond Width (mm)
4.93
2.96
4.85
2.69

±0.97
±0.66
±1.00
±0.68
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Interlamellar Matrix
One multi-layer sample was removed from analysis as the sample exceeded the 45N
loadcell on the UStretch system during the 180° peel test.

Main Effect of Posture
A main effect of posture was observed for lamellar adhesion strength (F = 4.230, p = .045),
indicating that adhesion strength was significantly higher in the neutral position when compared
to the flexed position; Figure 11. There were no main effects of posture for any of the other
observed variables. Interlamellar matrix material properties are summarized in Table 3.
3.5

Normalized Strength (N/mm)

3

*

2.5

2

2.63 ± 0.45

1.5
1.81 ± 0.31
1

0.5

0
Neutral

Flexion

Condition

Figure 11: The lamellar adhesion strength for the interlamellar matrix in the neutral and flexed
conditions. The star (*) indicates a significant between neutral and flexed conditions. Error bars
indicate the standard error for each experimental group. Values represent mean ± standard error.
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Main Effects of Extraction Location and Extraction Depth
There were no significant main effects of either extraction location or depth observed for
any of the interlamellar matrix material properties; Table 3.

Interactions between Posture, Extraction Location, and Extraction Depth
There were no significant interactions observed for any of the interlamellar matrix material
properties; Table 3.

Table 3: The average normalized mechanical properties of the interlamellar matrix.
Posture
Condition

Extraction
Location

Average Peel Strength
(N/mm)

Average Peel Stiffness
(N/mm2)

Average Peel Variability
(N/mm)

Anterior

2.44

±0.59

0.42

±0.06

0.41

±0.08

Posterior

2.82

±0.31

0.55

±0.09

0.55

±0.08

Anterior

1.91

±0.35

0.34

±0.06

0.45

±0.10

Posterior

1.70

±0.28

0.60

±0.14

0.46

±0.11

Neutral

Flexion

Note: Values represent mean ± standard error.
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Intralamellar Matrix
Main Effect of Posture
A main effect of posture was observed for failure point strain such that failure point strain
was significantly higher in the neutral position when compared to the flexed position (F = 4.855,
p = .030; Figure 12). There were no main effects of posture for any of the other observed variables;
Table 4.
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0.3

0.39 ± 0.05
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0.1

0
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Figure 12: The average failure point strain values for the intralamellar matrix in the neutral and
flexed conditions. Asterisks (*) indicates a significant difference between posture conditions.
Error bars indicate the standard error for each experimental group. Values represent mean ±
standard error.

Main Effects of Extraction Location and Extraction Depth
There were no significant main effects of either extraction location or depth observed for any of
the intralamellar matrix material properties; Table 4.
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Interactions between Posture, Extraction Location, and Extraction Depth
A significant interaction was observed between posture and extraction depth for toe region strain
(F = 4.576, p =.035; Figure 13). Post-hoc analysis indicated that there was a significantly higher
toe region strain in the neutral inner single layer samples than the flexed inner single layer samples.
Similarly, a significant interaction was observed for stress at 30% strain (F=4.293, p=.041; Figure
14). Specifically, for the neutral condition, there was no significant difference in the stress at 30%
strain between the inner and outer AF samples; however, for the flexed condition, the stress at 30%
strain was significantly larger for the inner samples compared to the outer. Last, a significant
interaction between extraction depth and posture condition was observed for intralamellar stiffness
(F = 5.678, p =.019; Figure 15). Post-hoc pair-wise comparison analysis indicated that there was
a significantly higher stiffness in the flexed inner single layer samples than the flexed outer single
layer samples. Similarly, there was a significantly higher stiffness in the flexed inner single layer
samples than the neutral inner single layer samples. No other interactions were observed; Table 4.

34
0.25

A

Toe Region Strain

0.2

A

0.15
0.19 ± 0.04

0.1
0.14 ± 0.03

0.13 ± 0.03
0.12 ± 0.03
0.05

0

Inner

Outer

Inner

Neutral

Outer
Flexion

Condition

Figure 13: The average end of toe region strain value for the intralamellar matrix in the neutral
and flexed conditions from both the inner and outer AF. Bars with the same letters are
significantly different than each other (p<0.05). Error bars indicate the standard error for each
experimental group. Values represent mean ± standard error.
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Figure 14: The average stress value at 30% strain for the intralamellar matrix in the neutral and
flexed conditions from both the inner and outer AF. Bars with the same letters are significantly
different than each other (p<0.05). Error bars indicate the standard error for each experimental
group. Values represent mean ± standard error.
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Figure 15: The average stiffness for the intralamellar matrix in the neutral and flexed conditions
from both the inner and outer AF. Bars with the same letters are significantly different than each
other (p<0.05). Error bars indicate the standard error for each experimental group. Values represent
mean ± standard error.

Interaction Effect of Posture, Extraction Location, and Extraction Depth
There was no significant interaction effect between posture, extraction location, and
extraction depth observed for any of the variables of interest in consideration to the intralamellar
matrix. The mean value of the results is summarized in Table 4.
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Table 4: The average normalized mechanical properties of the intralamellar matrix following tensile tests.
Posture
Condition

Extraction
Location
Anterior

Neutral
Posterior

Anterior
Flexion
Posterior

Extraction
Depth
Inner

Stress at 30%
Strain (MPa)
0.47 ±0.17

Stress at 50%
Strain (MPa)
0.79 ±0.31

2.47

±0.75

Toe Stress
(MPa)
0.20 ±0.07

Outer

0.78

±0.32

1.31

±0.58

4.05

±1.73

0.25

±0.12

0.11

±0.03

0.41

±0.05

1.25

±0.48

Inner

0.52

±0.10

0.78

±0.12

2.92

±0.36

0.21

±0.04

0.19

±0.04

0.50

±0.07

0.93

±0.10

Outer

0.47

±0.14

0.85

±0.34

2.80

±1.06

0.21

±0.11

0.14

±0.03

0.53

±0.08

1.05

±0.44

Inner

0.66

±0.23

0.62

±0.32

4.69

±1.25

0.26

±0.07

0.14

±0.03

0.31

±0.03

0.98

±0.26

Outer

0.32

±0.05

0.48

±0.09

1.55

±0.22

0.07

±0.02

0.11

±0.02

0.39

±0.04

0.45

±0.09

Inner

0.92

±0.25

1.07

±0.36

4.89

±1.31

0.24

±0.09

0.09

±0.03

0.35

±0.07

1.26

±0.37

Outer

0.39

±0.08

0.49

±0.10

2.32

±0.60

0.10

±0.02

0.17

±0.04

0.51

±0.07

0.63

±0.09

Note: Values represent mean ± standard error.

Stiffness (MPa)

0.19

±0.04

0.51

±0.07

Failure Stress
(MPa)
0.89 ±0.27

Toe Strain

Failure Strain
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Discussion
The primary purpose of the current work was to observe the effect of static flexion, in
combination with compression, on the intralamellar and interlamellar matrix mechanical
properties of the AF. It was expected that flexion would lead to decreased strength and stiffness of
both matrices when compared to a neutral posture. Based on the current findings, it is clear that
flexion had an effect on the strength of the interlamellar matrix (Figure 13) and on the failure strain
of the intralamellar matrix (Figure 9).
For the current study, loading position was manipulated to examine the effects that flexion
has on the adhesive matrices of the AF, and to provide a greater understanding of how complex
loading can contribute to risk of herniation. When considering the interlamellar matrix, the multilayer annular specimens exhibited a significantly lower lamellar adhesive strength following
flexion loading when compared to the neutral condition. Findings suggest that the interlamellar
matrix can tolerate higher loads following a neutral position loading and is more resilient to
propagating delamination through the lamellae. The decrease in lamellar adhesion strength during
the flexed condition suggested that the lamella are likely at higher risk of delamination; providing
a potential explanation to support the higher levels of herniation in flexed postures (5–7). The
predisposition to delamination is likely a result of regions of weaker interlamellar matrix between
adjacent lamella, increasing the possibility of delamination once NP material reaches this area.
This can then lead to alterations in the loading patterns experienced by the annulus and further
propagate more movement of the NP material; therefore, this predisposition to delamination might
be a crucial initial step to the observed increased rates of herniation. Interestingly, this finding
was observed in both the anterior and posterior AF, even though flexion results in non-uniform
tension in these regions; in particular flexion typically causes compression of the anterior AF and

39
tension in the posterior AF (77). It is possible that due to the flexed posture, the radial load on the
interlamellar matrix was also not as uniform as in the neutral posture; thereby creating fatigue on
the matrix (6,26,37,42). This would then reduce the capacity of the interlamellar matrix, resulting
in a decreased ability to bear load and a plausible mechanism to predispose the lamellae to
delamination. As more pockets of delamination occur, it creates more opportunities for NP
material to pool between adjacent annular lamella, thus leading to higher rates of alternations in
loading and potentially a greater rate of IVD failure. The decrease in lamellar adhesion strength
following flexion loading aligns with microstructure analyses performed by Schollum et al in
2018, who were able to see pockets of delamination occurring and buckling of the concentric
lamellae after prolonged cyclic flexion and compression loading (7).
There were no significant differences in interlamellar stiffness between any of the observed
posture conditions, which suggests that the interlamellar matrix absorbs force across the entire
surface at the same rate. When combined with the results of the lamellar adhesion strength,
findings indicate that regardless of the condition, the interlamellar matrix uniformly absorbs force
with the exception that after flexed loading it is not able to handle a similar maximal load.
Additionally, there was no significant difference in lamellar adhesion strength variability between
posture conditions, which suggests that the interlamellar matrix itself fails in a similar fashion
regardless of posture.
The single layer samples examined to test the mechanical properties of the intralamellar
matrix demonstrated a different set of outcomes based on loading posture. First, the strain at which
the first failure event occurred happened at a significantly lower value following flexion when
compared to neutral. This finding may be the result of a reduced capacity for elastic deformation,
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resulting in a decrease in the strain at which the elastic-plastic yield point happens, and a higher
potential that a smaller load or deformation would result in permanent tissue damage.
A significant interaction of depth of extraction and posture condition was observed for
intralamellar stiffness and stress at 30% strain. For intralamellar stiffness, this significant
interaction highlighted that inner flexed samples had a significantly higher stiffness when
compared to the inner neutral samples. The inner region of the annulus is composed of a greater
quantity of type 2 collagen fibres, similar to the composition of the nucleus, which is primarily
designed to bear compression (17). Flexion can contribute some levels of tension to the annulus;
inducing fatigue on the inner annulus as it is being strained in a manner that it is not accustomed
to. When flexion is combined with compression loading, there is a potential to create an
environment where radial strain on the inner annulus is increased; especially as flexion could
redistribute how this radial strain is experienced by the inner annulus. This potential environment
could result in an increased amount of fatigue and un-crimping occurring for the inner annulus,
supporting the increase in intralamellar stiffness that was observed.
A similar significant interaction of extraction depth and posture condition was also
observed for stress at 30% strain such that following flexion, the stress at 30% strain was lower in
the outer annulus when compared to the inner annulus. These results suggest that type 1 collagen
fibres, the major collagen fibre type in the outer annular layers, may be more sensitive to flexion.
While the results suggest that the inner flexed samples may have a decreased capacity to disperse
force, it would seem that the decreased stress at 30% strain and decreased intralamellar stiffness
of the outer flexed samples may indicate a potential protective mechanism of these layers. The
observed decrease in stress at 30% strain may be associated with the stress-relaxation phenomena
where viscoelastic tissues can result in a decrease in stress in response to constantly applied strain
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on the structure. In contrast to tissue creep, where a constant stress or load will result in continual
deformation or strain as the load is held constantly, the stress-relaxation phenomena is a decrease
in stress as the strain is held constant. This allows for viscoelastic tissues to undergo plastic strain
and result in a dissipation of contained stress. It is possible that the outer AF is undergoing the
stress-relaxation phenomena and can dissipate the applied stress during flexion as a protective
mechanism for these layers. This potential protective mechanism may allow for a greater amount
of force to be dispersed under flexion, allowing for a decreased degree of stiffness being observed
as the tissue may have a larger capacity to handle applied loads.
A significant interaction of depth of extraction and posture condition was also observed for
toe region strain. Flexed inner samples had a significantly lower strain value associated with the
end of the toe region when compared to neutral inner samples. The end of the toe region refers to
the point in which collagen fibre un-crimping has ended and elastic deformation begins. The
decrease in this toe region strain in the flexed samples may suggest that type II collagen fibres
might be less crimped following flexion when unloaded. As the fibres become less crimped, there
is a reduced capacity for the tissues to disperse force, allowing for the tissue to absorb force at a
higher magnitude and thereby shortening the toe region.
The progression of a herniation involves the migration of the NP through the lamella of the
AF, specifically through clefs that form in the intralamellar matrix (26). These clefs, when
combined with delamination of the lamellae, provide the mechanism for which a herniation occurs
(7,26). Previous work has been able to ascertain that flexion, both static and cyclic, was able to
contribute to a higher rate of herniations; but lacked an observation into the sub-failure mechanics
that contribute to this higher rate (5,6,37). The current work suggests that flexion has an effect on
both the mechanical properties of the interlamellar matrix and the intralamellar matrix,
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contributing to an environment that fosters an accelerated potential for herniations to occur. The
interlamellar matrix results support histographical work done by Schollum et al. in 2018,
demonstrating that flexion reduced the strength of the interlamellar matrix adhesive strength,
increasing the potential for delamination (7). Additionally, the findings help explain results found
by previous histographical research into the intralamellar matrix (26). Tampier et al in 2007
explored the effect of cyclic flexion on the AF, and determined through histological evidence that
the first stage of herniation was produced at a microscopic level through clefs forming in the
intralamellar matrix (26). The results of the current work provide evidence to explain this
mechanism as the fatigue and uncrimping imposed on the inner annulus following flexion
predispose this matrix to failure. These findings also align with previous work done exploring clef
formation in the intralamellar matrix; stating that this occurred due to overload and progressive
un-crimping of the matrix once the yield point is passed (78). As a herniation originates from the
inner portions of the annulus and progress outwards; a weaker inner region intralamellar matrix
following flexion suggests the formation of an environment within the annulus that supports easier
clef formation and accelerated IVD herniation progression.
An interesting outcome of this work was the lack of observance of extraction location
(anterior versus posterior) influencing the mechanical properties of the different matrices. Previous
literature has suggested that there is an increased rate of herniation on the posterior portion of the
AF after flexion, as this tissue experiences greater strain values due to the postural condition
(5,6,42,43). However, based on the current work, the findings suggest that this might not have had
as large of an influence on the observed outcomes and that the differences between the inner and
outer AF might have more of an influence on herniations. This is especially concerning with how
a herniation progresses, as this type of injury commences in the inner portions of the AF and moves
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outwards. Overall, this work provides novel insight into the effects that flexion has on the adhesive
matrices of the AF and further exploration is required to understand the full effect of this type of
posture on the spine. Future work should focus on expanding the current findings and tracking the
progression of sub-failure mechanics and their influence on failure mechanics. In addition, due to
the lack of differences observed between anterior and posterior results, future work should aim to
determine if there are specific protective mechanical properties of the anterior portion of the
annulus that limit its susceptibility to failure.
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Limitations
There are some limitations to consider when interpreting the results of this work. First, a
porcine spine model was used to mimic the response of human spines and IVDs. While previous
work has validated the use of porcine IVDs as an alternative to human IVDs, it must be considered
that there might be differences in results when comparing the results to human adult IVDs (27).
Secondly, as the FSUs were dissected down to the osteoligamentous structures, there is a potential
that the remaining ligaments of the observed structures could transfer load away from the AF.
While these structures are essential to flexion and supporting the IVD, future work should consider
calculating the contribution of these structures during spinal movements. When considering the
posture that the specimen was mounted into the flexion jig, the neutral posture was determined to
be a 0º of flexion relative to the global position system where the specimen was mounted vertically.
There is potential that the loading protocol may not have been performed in a truly neutral position
for the individual IVDs during loading and future work should aim to perform pre-load range of
motion testing to ensure that a true neutral posture is utilized. Additionally, the flexion jig used to
perform the mechanical posture conditions operates using a pure moment system, which can
reduce the contribution of shear forces during the loading protocol. However, future work is
needed to determine the effects of shear forces on flexion loading, as the increased forces acting
on the IVD may accentuate fatigue on the system and overestimate the observed differences seen
in the current results. Finally, the current work only observed the effects of static flexion, which
can provide an insight into the initial stages of the effects of complex loading on the IVD but does
not account for all forms of human movement. Static flexion can allow for the observation of the
isolated effects of flexion, however, cyclic flexion has a greater correlation to injury due to the
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related cumulative fatigue. It is recommended that future work focus on the effects of cyclic flexion
on the IVD, and the ensuing cumulative fatigue.
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Conclusion
The results of the current study demonstrate that flexion has a negative impact on the
adhesive properties of the intra- and interlamellar matrices of the AF and may be a contributing
risk factor towards the rate of disc herniations. Flexion had a negative effect on the strength of the
interlamellar matrix and on the intralamellar matrix failure strain. Further, flexion seemed to have
a greater effect on the outer annular layers resulting in reduced stress and stiffness, and also
appeared to decrease the degree of toe region deformation in the inner AF layers. The current
findings suggest that flexion loading can potentially result in the annular adhesive matrices
operating closer to their elastic-plastic yield points and can experience increased rates of failure
and overload at lower imposed loads.
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